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Precipitable water vapor (PWV) is an important climate parameter indicative of
available moisture in the atmosphere; it is also an important greenhouse gas.
Observations of precipitable water vapor in sub-Sahel West Africa are almost
non-existent. Several Aerosol Robotic Network (AERONET) sites have been
established across West Africa, and observations from four of them, namely,
Ilorin (4.34 E, 8.32 N), Cinzana (5.93 W, 13.28 N), Banizoumbou (2.67 E,
13.54 N) and Dakar (16.96 W, 14.39 N) are being used in this study. Data
spanning the period from 2004 to 2014 have been selected; they include
conventional humidity parameters, remotely sensed aerosol and precipitable
water information and numerical model outputs. Since in Africa, only
conventional information on humidity parameters is available, it is important to
utilize the unique observations from the AERONET network to calibrate.e00765
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humidity measurements. An empirical formula of the form PWV ¼ aTd þ b
where Td is the surface dew point temperature, a and b are constants, was fitted
to the data and is proposed as applicable to the climatic condition of the sub-
Sahel. Moreover, we have also used the AERONET information to evaluate the
capabilities of well-established numerical weather prediction (NWP) models such
as ERA Interim Reanalysis, NCEP-DOE Reanalysis II and NCEP-CFSR, to
estimate precipitable water vapor in the sub-Sahel West Africa; it was found that
the models tend to overestimate the amount of precipitable water at the selected
sites by about 25 %.
Keywords: Atmospheric science, Environmental science, Earth sciences
1. Introduction
Atmospheric precipitable water vapor (PWV) (the height of liquid water obtained if
all the water vapor in an atmospheric column over a unit area is condensed) plays an
important role in the hydrological cycle as it is formed by evaporation/evapotrans-
piration from the surface into the atmosphere, can condense into clouds and may re-
turn back to the surface in the form of precipitations. The latent heat of vaporization,
which is released whenever atmospheric water vapor condenses, is an important
aspect of the atmospheric energy budget providing diabatic heating and driving local
and global weather systems (Trenberth et al., 2007).
The ability of water molecules to warm the atmosphere by absorbing and re-emitting
radiation makes water vapor an important component of greenhouse gases and its
effect on climate change processes is of interest. Water vapor’s ability to absorb
and re-emit electromagnetic waves has a profound effect on the propagation of radio
waves in the atmosphere. A CIMEL CE-318-4 instrument is a sun-photometer used
in the Aerosol Robotic Network (AERONET) (Holben et al., 1998) with a primary
focus on estimating aerosol optical depth. Additionally, it works in the water-vapor
absorption band around 940 nm that allows retrieving of PWV. Detailed information
on this instrument, its calibration and utilization can be found in (Holben et al., 1998,
2001). The data used here are from level 2.0 of the CIMEL observations (Smirnov
et al., 2000, 2004).
In areas such as Africa, information on the moisture content of the atmosphere is most
frequently obtained from numerical weather predictionmodels or measurements of hu-
midity using an extensive number of empirical formulas. The AERONET’s CIMEL
observations inWest Africa provide an opportunity to assess the performance of empir-
ical formulas under the environmental conditions of sub-Sahel as well as the perfor-
mance of well-established numerical weather prediction models. Data used will beon.2018.e00765
ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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sented in Section 4, and conclusions will be summarized in Section 5.2. Study area
2.1. Ground observations
The AERONET’s CIMEL sun-photometers across West Africa are located at the
following sites: Ilorin, Nigeria (8.32 N, 4.34 E, 350 m amsl), Dakar, Senegal
(14.39 N, 16.96 W, 0 m amsl), Banizoumbou, Niger (13.54 N, 2.67 E, 250 m
amsl), Cinzana, Mali (13.28 N, 5.93 W, 285 m amsl), Ouagadougou, Burkina
Faso (12.20 N, 1.40 W, 290 m amsl) and Djougou, Republic of Benin (9.76 N,
1.60 E, 400 m amsl) (Fig. 1). The methodology to derive precipitable water vapor
from the CIMEL observations will be detailed in Section 3.1.
The surfacemeteorological data for each of theAERONET stationswere obtained from
the www.weatherspark.com weather services: surface meteorological data were
obtained for a period of eleven years (2004e2014). The methodology to derive
precipitable water vapor from humidity observations will be presented in Section 3.2.2.2. Precipitable water vapor from numerical weather prediction
models
Independent model results on precipitable water vapor that were selected for evalua-
tion represent several well-known model prototypes. The ECMWF (http://www.
ecmwf.int/) ERA Interim Reanalysis model (Berrisford et al., 2009) assimilates aFig. 1. Locations of the AERONET stations in West Africa.
on.2018.e00765
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Similar to ERA Interim, the National Center for Environmental Predictions (NCEP)
and the Department of Energy (DOE), NCEP-DOE Reanalysis II (Kistler et al.,
2001) assimilate meteorological parameters from a variety of sources. The spatial res-
olution of the NCEP-DOE II data is at the T62 Gaussian Grid. Both ERA Interim and
NCEP-DOE Reanalysis II use the Rapid Radiative Transfer Model (RRTM) devel-
oped by the Atmospheric and Environmental Research (AER) group (Mlawer et al.,
1997). The National Centers for Environmental Prediction (NCEP) Climate Forecast
System Reanalysis (CFSR) (Saha et al., 2010) is also used.3. Methodology
3.1. Derivation of precipitable water vapor from CIMEL
observations
The sun-photometer method relies on the interaction of the solar electromagnetic en-
ergy with the atmospheric constituents before the energy reaches the earth surface.
This interaction leads to scattering and absorption from which the amount of atmo-
spheric water could be deduced. Particularly, in the near infrared spectrum, around
940 nm, there is a strong wavelength-dependent absorption by water vapor and the
response of the instrument.
V (940 nm) to light in this spectral region is given by:
Vð940 nmÞ ¼ Voð940 nmÞd2expð mrdatmð940 nmÞÞTwð940 nmÞ ð1Þ
where V0 (940 nm) is the instrument calibration constant (signal that the instrument
would measure if it were placed outside of the atmosphere), d is the Earth-Sun dis-
tance (in astronomical units) at the time of observation, mr is the relative optical air
mass, datm (940 nm) is the total atmospheric optical depth (excluding absorption by
water vapor) and Tw (940 nm) is the water vapor transmittance around the 940 nm
absorption bands. The computation of V0 (940 nm) and datm (940 nm) is done
following AERONET procedures (Holben et al., 1998). For a straightforward
retrieval of PWV, AERONET uses a simplified expression of Tw (940 nm) given
by (Reagan et al., 1987; Bruegge et al., 1992):
Twð940 nmÞ ¼ exp
aðmwPWVÞbÞ ð2Þ
where mw is the relative optical water vapor air mass and a and b are coefficients
that depends on the wavelength position, width and shape of the sun-photometer
filter function, and the atmospheric condition. Each AERONET instrument has
its own unique set of ‘a’ and ‘b’ values depending on the filter configuration. These
coefficients are considered fixed until the filter is changed. More information about
the computation of coefficients ‘a’ and ‘b’ is in Smirnov et al. (2004).on.2018.e00765
ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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An approach to relate the natural logarithm of precipitable water vapor lnPWV to
dew point temperature Td (in C) was suggested by Reitan (1963), Ojo (1970),
Maduekwe and Ogunmola (1997), Okulov et al. (2002), Utah and Abimbola
(2006) and Maghrabi and Al Dajani (2012):
lnPWV ¼ k1Td þ k2 ð3Þ
where k1 and k2 are constants.More advanced methods for estimating precipitable water vapor include the use of
radiosonde/dropsonde data (Willoughby et al., 2008; Adeyemi, 2008; Chang-
Geun et al., 2012; Adeyemi and Joerg, 2012), microwave radiometers (Han et al.,
1994), star photometers (Perez-Ramírez et al., 2012), Raman lidars (Whiteman
et al., 1992), Fourier transform spectrometers (Leblanc et al., 2011) and GPS/satel-
lite data (Bevis et al., 1992, 1994; Ware et al., 1997; Jade et al., 2005, Sharifi et al.,
2015, Li et al., 2018) which use the principle of tropospheric delays.4. Results
4.1. Empirical models to estimate precipitable water vapor
A linear plot of the natural logarithm of precipitable water vapor calculated from the
surface data ln(PWV) (PWV in centimeter), for the year 2004e2014, is shown in
Fig. 2. Within 95% confidence bound, the linear model was found to be given as
lnPWV ¼ 0:055ð  0:001ÞTd þ 0:068ð  0:011Þ ð4Þ
The sum squared error (SSE) was found to be 882.47, while the root mean square
error (RMSE) was found to be 0.31; SSE and RMSE results show good linear rela-
tion between the natural log of PWV and Td, and this is further clarified by the value
of the coefficient of determination (R2) given by 0.727.
A plot of precipitable water vapor PWV, against the square of the surface relative
humidity divided by the surface temperature [(RH)/T] is shown in Fig. 3. The linear
model obtained results in:
PWV ¼ 13:44 ½  0:20

RH
T

þ 0:58½  0:03 ð5Þ
Within the 95% confidence interval, SSE ¼ 3185.97; RMSE ¼ 0.71; R2 ¼ 0.706.
The slope of Eq. (5) was found to range from 13.23 to 13.64; the intercept ranges
between 0.54 and 0.61.on.2018.e00765
ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
Fig. 2. Relationship between precipitable water vapor and surface dew-point temperature.
Fig. 3. Relationship between precipitable water vapor and relative humidity.
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(mbar) divided by the surface ambient temperature (K) [e/T]. A linear fit was found
most suitable for the distribution in Fig. 4; the linear fit resulted in:
PWV ¼ 39:29½  0:52
e
T

þ 0:25½  0:03 ð6Þ
The goodness of fit statistics for Eq. (6) was found to be: SSE ¼ 4742.00; RMSE ¼
0.72; R2 ¼ 0.694. The slope of Eq. (6) is in the range of 38.76e39.80, while the
intercept is in the range of 0.21e0.28.on.2018.e00765
ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
Fig. 4. Relationship between precipitable water vapor and a function of temperature (T) and vapor pres-
sure (e) [i.e., f(e, T)].
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PWV data from the AERONET’s stations at Ouagadougou (12.20 N, 1.40 W) and
Djougou (9.76 N, 1.60 E) as well as the NWP models of NCEP Reanalysis 2,
NCEP-CFSR and ERA interim were used to evaluate the empirical models of
Eqs. (4), (5), and (6). The validation results are summarized in Table 2 and the
time series plot of the PWV derived from each empirical model together with the
PWV from the AERONET’s sun-photometer is shown in Fig. 5, for each of the sta-
tions in Ouagadougou and Djougou. From Table 2 as well as Fig. 5, it could be
observed that the PWV (Td), i.e., Eq. (4) generally has the best performance while
PWV (e, T), i.e., Eq. (4) comes closer. As could be observed from Table 2, the com-
parison performance is better for the AERONET’s data than for the NWP, and
among the NWP models the worst performance is found between the NCEP Rean-
alysis 2 and the empirical models; this could be attributed to the grid resolution of
each of the NWP model.
The precipitable water vapor data obtained from the CIMEL sun-photometer obser-
vations at Ilorin, Dakar, Banizoumbou and Cinzana were used to evaluate same
parameter as derived from the three numerical weather prediction models described
in Section 2.2 (ERA Interim, NCEP-DOE Reanalysis II, and CFSR). The quality of
precipitable water vapor retrievals from the CIMEL instrument has been amply eval-
uated (Halthore et al., 1997; Perez-Ramírez et al., 2014). For instance, Perez-
Ramírez et al. (2014) compared AERONET precipitable water vapor retrievals
against radiosonde observations and other ground-based retrieval techniques such
as microwave radiometry (MWR) and Global Positioning System (GPS)on.2018.e00765
ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
Fig. 5. Time Series of Precipitable Water Vapor from the empirical models of Eqs. (5), (6), and (7) with
the AERONET’s sun-photometer data for (A) Ouagadougou and (B) Djougou AERONET stations.
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was lower than what was obtained by MWR and GPS by about 6.0e9.0% and about
6.0e8.0%, respectively. The AERONET values were also lower by approximately
5% than those obtained from numerous balloon-born radiosondes. These results
point towards a consistent dry-bias in the retrievals of precipitable water vapor by
AERONET although the differences are within the 10% systematic uncertainty esti-
mated for the AERONET retrievals. As evident from Fig. 6 and as summarized in
Table 1, results from ERA Interim and NCEP/CFSR are close to each other during
the entire record, during the dry season and are also close to observations. During the
summer period, all models overestimate precipitable water vapor more so NCEP/on.2018.e00765
ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
Fig. 6. Precipitable Water Vapor from ERA-i, NCEP CFSR, NCEP Reanalysis 2 and AERONET’s CI-
MEL sun-photometer for 2005e2009 at (A) Ilorin, (B) Banizoumbou, (C) Dakar and (D) Cinzana.
Table 1. Statistical correlation between the PWV derived from the AERONET’s
Sun-photometer and those derived from the NWP models.
AERONET Station NWP Models R2 RMS error (cm)
Ilorin (8.3 N, 4.34 E) NCEP Reanalysis II (7.5 N, 5.0 E) 0.607 0.59
NCEP-CFSR (8.6 N, 3.8E) 0.638 0.42
ERA interim (8.25 N, 4.50E) 0.957 0.19
Banizoumbou (13.54 N, 2.67 E) NCEP Reanalysis II (12.5 N, 2.5 E) 0.783 0.64
NCEP-CFSR (14.3 N, 1.9E) 0.982 0.19
ERA interim (13.50 N, 1.50E) 0.994 0.11
Dakar (14.39 N, 16.96 W) NCEP Reanalysis II (15.0 N, 17.5 W) 0.861 0.43
NCEP-CFSR (14.3 N, 16.9 W) 0.986 0.15
ERA interim (14.25 N, 17.25 W) 0.974 0.20
Cinzana (13.28 N, 5.93 W) NCEP Reanalysis II (12.5 N, 5.0 W) 0.856 0.50
NCEP-CFSR (12.4 N, 5.6 W) 0.975 0.20
ERA interim (13.50 N, 6.00 W) 0.985 0.17
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Table 2. Statistical correlations between the derived empirical models, NWP models and the AERONET
PWV. The grid points for the NWP models are NCEP Reanalysis 2 (for Ouagadougou: 12.5 N, 2.5 W;
for Djougou: 10.0 N, 2.5 E), NCEP-CFSR (for Ouagadougou: 12.38 N, 1.88 W; for Djougou: 10.48
N, 1.88 E) and ERA interim (for Ouagadougou: 12.00 N, 1.50 W; for Djougou: 9.75 N, 1.50 E).
Empirical Models Validating Station NWP Model R2 RMS Error (cm)
lnPWV ¼ 0:055Tdþ 0:068 Ouagadougou (12.20 N, 1.40 W) AERONET 0.858 0.48
NCEP Reanalysis II 0.809 0.56
NCEP-CFSR 0.812 0.58
ERA interim 0.937 0.33
Djougou (9.76 N, 1.60 E) AERONET 0.801 0.49
NCEP Reanalysis II 0.625 0.67
NCEP-CFSR 0.644 0.86
ERA interim 0.904 0.34
PWV ¼ 39:29
e
T

þ 0:25 Ouagadougou (12.20 N, 1.40 W) AERONET 0.857 0.48
NCEP Reanalysis II 0.808 0.56
NCEP-CFSR 0.818 0.57
ERA interim 0.935 0.33
Djougou (9.76 N, 1.60 E) AERONET 0.809 0.48
NCEP Reanalysis II 0.591 0.69
NCEP-CFSR 0.654 0.85
ERA interim 0.911 0.33
PWV ¼ 13:44

RH
T

þ 0:58 Ouagadougou (12.20 N, 1.40 W) AERONET 0.747 0.64
NCEP Reanalysis II 0.717 0.68
NCEP-CFSR 0.782 0.62
ERA interim 0.804 0.58
Djougou (9.76 N, 1.60 E) AERONET 0.797 0.49
NCEP Reanalysis II 0.648 0.65
NCEP-CFSR 0.775 0.68
ERA interim 0.837 0.44
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mates precipitable water vapor during the dry season as well.5. Conclusion
There is a large gradient in PWV over Africa during the months of January and July
months with a strong reversal in the sub-Sahel from very dry conditions in winter to
very humid ones in the summer. This seasonal variability explains the larger absolute
differences between the observations and model estimates when the absolute values
are high. The precipitable water vapor PWV, as estimated from ERA-Interim and
NCEP/CFSR are found to be in a closer agreement with values retrieved from the
AERONET’s CIMEL sun-photometers in West Africa than the NCEP/Reanalysis
2 product (see Table 2) which was found to overestimate precipitable water vapor
in all seasons by as much as 25 %.
AERONET precipitable water vapor data from the years 2004e2014 have been used
to evaluate several empirical expressions based on conventional moisture parameterson.2018.e00765
ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
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dew-point temperature, and vapor pressure). These empirical formulations have
been found to perform reasonably well statistically; Eq. (4) has been found to be
most appropriate for the estimation of precipitable water vapor in the sub-Sahel
West Africa. Due to the critical importance of the sub-Sahel in climate research, it
is of great interest to correctly estimate moisture parameters in climate models. As
such, review of the presented empirical models, as more data is available, is
suggested.Declarations
Author contribution statement
Oluwasesan A. Falaiye, Oladiran J. Abimbola: Conceived and designed the experi-
ments; Performed the experiments; Analyzed and interpreted the data; Contributed
reagents, materials, analysis tools or data; Wrote the paper.
Rachel T. Pinker, Perez-Ramírez Daniel, Alexander. A. Willoughby: Analyzed and
interpreted the data; Contributed reagents, materials, analysis tools or data; Wrote
the paper.Funding statement
This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.Competing interest statement
The authors declare no conflict of interest.Additional information
Data associated with this study has been deposited at www.aeronet.gsfc.nasa.gov/
new_web/data.html.Acknowledgements
We wish to greatly thank the Principal Investigators (PIs) and the Site Managers for
their efforts in establishing and maintaining AERONET stations at Ilorin, Cinzana,
Banizoumbou, Dakar, Djougou and Ouagadougou. Much appreciation also goes to
NOAA/OAR/ESRL PSD, Boulder, Colorado, USA (for making the NCEP Reanal-
ysis data available through their website http://www.esrl.noaa.gov/psd/).on.2018.e00765
ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
12 https://doi.org/10.1016/j.heliy
2405-8440/ 2018 The Auth
(http://creativecommons.org/li
Article Nowe00765References
Adeyemi, B., 2008. Empirical modelling of layered integrated water vapor using
surface mixing ratio in Nigeria. J. Appl. Meteorol. Climatol. 48, 369e380.
Adeyemi, B., Joerg, S., 2012. Analysis of water vapor over Nigeria using radio-
sonde and satellite data. J. Appl. Meteorol. Climatol. 51, 1855e1866.
Berrisford, P., Dee, D., Fielding, K., Fuentes, M., Kallberg, P., Kobayashi, S.,
Uppala, S., 2009. The ERA-interim Archive, Version 1.0, ERA Rep. Ser. 1. Eur.
Cent. for Medium-Range Weather Forecasts, Reading, U. K.
Bevis, M., Businger, S., Herring, T.A., Rocken, C., Anthes, R.A., Ware, R.H.,
1992. GPS meteorology: remote sensing of atmospheric water vapor using the
global positioning system. J. Geophys. Res. 97 (D14), 15787e15801.
Bevis, M., Businger, S., Chiswell, S., 1994. GPS meteorology: mapping zenith wet
delay onto precipitable water. J. Appl. Meteorol. 33, 379e386.
Bruegge, C.J., Conel, J.E., Green, J.S., Margolis, J.S., Holm, R.G., Toon, G., 1992.
Water vapor column abundance retrievals during FIFE. J. Geophys. Res. 97,
759e768.
Chang-Geun, P., Kyoung-Min, R., Jungho, C., 2012. Radiosonde sensors bias in
precipitable water vapor from comparisons with global positioning system measure-
ments. J. Astron. Space Sci. 29 (3), 295e303.
Halthore, R.N., Eck, T.F., Holben, N.B., Markham, B.L., 1997. Sun photometric
measurements of atmospheric water vapor. J. Geophys. Res. 102, 4343e4352.
Han, Y., Snider, J.B., Westwater, E.R., Melfi, S.H., Ferrare, R.A., 1994. Observa-
tions of water vapor by ground-based microwave radiometers and Raman lidar. J.
Geophys. Res. 99 (D9), 18695e18702.
Holben, B.N., Eck, T.F., Slutsker, I., Tanre, D., Buis, J.P., Setzer, A., Vermote, E.,
Reagan, J.A., Kaufman, Y.A., 1998. AERONET-a federated instrument network
and data achieve for aerosol characterization. Remote Sens. Environ. 66, 1e16.
Holben, B.N., Tanre, D., Smirnov, A., Eck, T.F., Slutsker, I., Abuhassen, N.,
Newcomb, W.W., Schafer, J., Chatenet, B., Lavenue, F., Kaufman, Y.J., Vande
Castle, J., Setzer, A., Markham, B., Clark, D., Frouin, R., Halthore, R.,
Karnieli, A., O’Neill, N.T., Pietras, C., Pinker, R.T., Voss, K., Zibordi, G., 2001.
An emerging ground-based aerosol climatology: aerosol optical depth from AERO-
NET. J. Geophys. Res. 106 (D11), 12,067e12,097. http://publications.jrc.ec.europa.
eu/repository/handle/JRC20592.on.2018.e00765
ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
13 https://doi.org/10.1016/j.heliy
2405-8440/ 2018 The Auth
(http://creativecommons.org/li
Article Nowe00765Jade, S., Vijayan, M.S.M., Gaur, V.K., Prabhu, T.P., Sahu, S.C., 2005. Estimates of
precipitable water vapor from GPS data over the Indian subcontinent. J. Atmos. Sol.
Terr. Phys. 67, p623ep635.
Kistler, R., et al., 2001. The NCEPeNCAR 50-year reanalysis: monthly means
CD-ROM and documentation. Bull. Am. Meteorol. Soc. 82, 247e267.
Leblanc, T., Walsh, T.D., McDermid, I.S., Toon, G.C., Blavier, J.-F., Haines, B.,
Read, W.G., Herman, B., Fetzer, E., Sander, S., Pongetti, T., Whiteman, D.N.,
McGee, T.G., Twigg, L., Sumnicht, G., Venable, D., Calhoun, M., Dirisu, A.,
Hurst, D., Jordan, A., Hall, E., Miloshevich, L., V€omel, H., Straub, C.,
Kampfer, N., Nedoluha, G.E., Gomez, R.M., Holub, K., Gutman, S., Braun, J.,
Vanhove, T., Stiller, G., Hauchecorne, A., 2011. Measurements of humidity in
the atmosphere and validation experiments (MOHAVE)-2009: overview of
campaign operations and results. Atmos. Meas. Tech. 4, 2579e2605.
Li, X., Tan, H., Li, X., Dick, G., Wickert, J., Schuh, H., 2018. Real-time sensing of
precipitable water vapor from BeiDou observations: Hongkong and CMONOC net-
works. J. Geophys. Res.: Atmos. 123.
Maduekwe, A.A.L., Ogunmola, A., 1997. Estimation of the monthly average atmo-
spheric precipitable water vapor in Sokoto and its relationship with the horizontal
global solar radiation. Niger. J. Phys. 9, 20e25.
Maghrabi, A., Al Dajani, H.M., 2012. Estimation of precipitable water vapour us-
ing vapour pressure and air temperature in an arid region in central Saudi Arabia. J.
Assoc. Arab Uni. Basic Appl. Sci. 14, 1e8.
Mlawer, E.J., Taubman, S.J., Brown, P.D., Iacono, M.J., Clough, S.A., 1997. Radi-
ative transfer for inhomogeneous atmospheres: RRTM, a validated correlated-k
model for the longwave. J. Geophys. Res. 102 (D14), 16663e16682.
Ojo, O., 1970. The distribution of mean monthly precipitable water vapor and
annual precipitation efficiency in Nigeria. Arch. Meteorol. Geophys. Bioklimatol.
Ser. B 18, 221e238.
Okulov, O., Ohvril, H., Kivi, R., 2002. Atmospheric precipitable water in Estonia,
1990 e 2001. Boreal Environ. Res. 7, 291e300. ISSN: 1239-6095.
Perez-Ramírez, D., Navas-Guzman, F., Lyamani, H., Fernandez-Galvez, J.,
Olmo, F.J., AladosArboledas, L., 2012. Retrievals of precipitable water vapor using
star photometry: assessment with Raman lidar and link to sun photometry. J. Geo-
phys. Res. Atmos. 117, D05202.
Perez-Ramírez, D., Whiteman, D.N., Smirnov, A., Lyamani, H., Holben, B.N.,
Pinker, R.T., Andrade, M., Alados-Arboledas, L., 2014. Evaluation of AERONETon.2018.e00765
ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
14 https://doi.org/10.1016/j.heliy
2405-8440/ 2018 The Auth
(http://creativecommons.org/li
Article Nowe00765precipitable water vapor retrievals versus microwave radiometry, GPS and radio-
sondes at ARM sites. J. Geophys. Res. Atmos. 119, 2169e8996.
Reagan, J.A., Thome, K., Herman, B., Gall, R., 1987. Water vapor measurements in
the 0.94 micron absorption band: calibration, measurements and data applications.
In: Proc. Int. Geosci. Remote Sens. Symp., pp. 63e67. IEEE 87CH2434-9.
Reitan, C.H., 1963. Surface dew-point and water vapour aloft. J. Appl. Meteorol. 2,
776e779.
Saha, S., et al., 2010. The NCEP climate forecast system reanalysis. Bull. Am. Me-
teorol. Soc. 91 (8), 1015e1057.
Sharifi, M.A., Khaniani, A.S., Joghataei, M., 2015. Comparison of GPS precipita-
ble water vapor and meteorological parameters during rainfalls in Tehran. Meteorol.
Atmos. Phys. 127 (6), 701e710.
Smirnov, A., Holben, B.N., Eck, T.F., Dubovik, O., Slutsker, I., 2000. Cloud-
screening and quality control algorithms for the AERONET database. Remote
Sens. Environ. 73 (3), 337e349.
Smirnov, A., Holben, B.N., Lyapustin, A., Slutsker, I., Eck, T.F., 2004. AERONET
processing algorithms refinement. In: Proceedings of AERONET Workshop, El
Arenosillo, Spain. NASA/GSFC Aeronet project.
Trenberth, K.E., Jones, P.D., Ambenje, P., Bojariu, R., Easterling, D., Klein
Tank, A., Parker, D., Rahimzadeh, F., Renwick, J.A., Rusticucci, M., Soden, B.,
Zhai, P., 2007. Observations: surface and atmospheric climate change. In:
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B.,
Tignor, M., Miller, H.L. (Eds.), Climate Change 2007: the Physical Science Basis.
Contribution of Working Group I to the Fourth Assessment Report of the Intergov-
ernmental Panel on Climate Change. Cambridge University Press, Cambridge,
United Kingdom and New-York, NY, USA.
Utah, E.U., Abimbola, O.J., 2006. Atmospheric precipitable water vapor in Jos.
Niger. J. Phys. 18 (1), 101e109.
Ware, R., Alber, C., Rocken, C., Solheim, F., 1997. Sensing integrated water vapor
along GPS ray paths. Geophys. Res. Lett. 24, 417e420.
Whiteman, D.N., Melfi, S.H., et al., 1992. Raman lidar system for the measurement
of water vapor and aerosols in the Earth’s atmosphere. Appl. Opt. 31 (16),
3068e3082.
Willoughby, A.A., Adimula, I.A., Aro, T.O., Owolabi, I.E., 2008. Analysis of
radiosonde data on tropospheric water vapor in Nigeria. Niger. J. Phys. 20 (2),
299e308.on.2018.e00765
ors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
censes/by-nc-nd/4.0/).
